Executive Summary
In this short report, I reassess the feasibility of measuring iron in vivo in the liver and heart of thalassemia patients undergoing chelation therapy. Despite the multiplicity of analytical methods for analyzing iron, only two, magnetic resonance imaging, and magnetic susceptibility, are suitable for in vivo applications, and these are limited to the liver because of the heart's beat. Previously, a nuclear method, gamma-resonance scattering, offered a quantitative measure of iron in these organs; however, it was abandoned because it necessitated a nuclear reactor to produce the radioactive source. I reviewed and reassessed the status of two alternative nuclear methods, based on iron spectroscopy of gamma rays induced by fast neutron inelastic scattering and delayed activation in iron. Both are quantitative methods with high specificity for iron and adequate penetrating power to measure it in organs sited deep within the human body. My experiments demonstrated that both modalities met the stated qualitative objectives to measure iron. However, neutron dosimetry revealed that the intensity of the neutron radiation field was too weak to reliably assess the minimum detection limits, and to allow quantitative extrapolations to measurements in people. .
A review of the literature, included in this report, showed that these findings agree qualitatively with the published'results, although the doses reported were about three orders-ofmagnitude higher than those I used. Reviewing the limitations of the present work, steps were outlined for overcoming some of the shortcomings. Due to a dearth of valid quantitative alternatives for determining iron in vivo, I conclude that nuclear methods remain the only viable option. However, fiom the lessons learned, further systematic work is required before embarking on clinical studies.
BACKGROUND
Thalassemia patients cannot produce mature red blood cells, so that they must regularly receive blood transfixions. However, since there are no natural excretory pathways for iron in the human body, it rapidly builds up in critical organs. For example, dangerously high levels of iron regularly accumulate in the liver, pancreas, spleen, thyroid, bone marrow, zona glomerulosa, and heart of these patients resulting in siderosis, organs dysfunction, and heart [l] . These lifethreatening conditions are mitigated by iron-chelation therapy, which slows down and possibly reverses the accumulation of iron. . However, the lack of noninvasive sensitive and quantitative methods to measure iron in various organs hampers testing of the efficacy of the therapy and of finding optimal prescriptive regimens for various chelating drugs. Furthermore, iron levels in specific organs cannot be determined precisely without having instrumentation that can target these organs with adequate selectivity and sensitivity to it. In addition to the standard method of taking liver biopsies, which cannot be repeated too often, nor applied to a critical organ such as the heart, several methods, both passive and active, were implemented previously to measure iron stores in vivo. They included magnetic susceptibility (MS), magnetic resonance imaging (MRI), x-ray fluorescence (XRF), computerized tomography (CT), and nuclear resonance scattering (NRS). However, passive, indirect methods, such as MS and MRI that measure bulk properties are non-specific; in addition, they face the yet-unresolved problem of measuring iron content in the heart because of its movement. XRF, an active method, specifically measures iron ' but its low energy limits its application to the skin; it is unsuitable for assessing iron in any deeply sited organ. CT, with higher energies, is non-specific with low sensitivity to changes in tissue density due to iron. The active NRS method was the only one with high specificity for iron that can quantitatively evaluate its content in the liver and heart. Nevertheless, its clinical applicability was seriously hindered because access to a nuclear reactor was needed to prepare the 56Mn radioactive source used for generating gamma radiation for resonance scattering fiom iron. Only about fifty patients were measured and followed up by NRS.
In this report, I briefly review direct and indirect methods to measure iron in vivo, and outline the possible value of alternative nuclear methods that inight be used. The inelastic neutron scattering (INS) and fast neutron activation methods appear to be the most attractive option among them. The methodology appears to be feasible and, if confirmed, it could be easily implemented in a clinical environment. I discuss my preliminary results fkom measuring iron using these approaches.
CURRENT AND PAST METHODOLOGIES
During the April 2001 NIDDK Workshop on "Non-invasive Measurement of Iron" it become apparent that the current indirect MS method and the emerging magnetic resonance imaging (MRI) method, suffer fiom serious calibration problems and are profoundly affected by the heart's movement. MS is a quantitative method that measures the magnetic properties of the liver, reflecting the presence of paramagnetic ferritin and homosiderite proteins. These proteins are the body's major forms of iron storage. An increase in the level of these proteins increases the magnetic susceptibility of an organ, which can be detected using the super-conducting SQUID detector [2-51. Similarly, the concentrations of the iron-containing paramagnetic proteins affect the spin-lattice relaxation time (TI) observed by MRI [6] . These non-specific methods require calibration with data from liver biopsies, calculations that are error prone when dealing with high iron concentrations. Since MS and MRI are based on comparable principles that depend on the tissue's magnetic environment, they have similar restrictions and cannot be used for cross-validation. Furthermore, they are severely limited in accommodating the heart's movement so that it does not distort the iron reading. XRF measures 5.6 keV characteristic xrays fiom iron that, being at very low energy, are limited to superficial parts of the body, like the skin. Although the assessments are quantitative ones, the method is completely unsuitable for measuring iron in deeply sited organs [7] . Therefore, alternative quantitative and, preferably, direct methods are needed to measure iron in vivo in human organs that are both specific with high penetration, and insensitive to cardiac movements.
patient's bed, while two detectors
The direct NRS method, developed at Brookhaven National Laboratory (BNL), satisfied the requirements for specificity, quantification, penetration, and insensitivity to the heart's movements. Its widespread clinical use was hindered by the requirement for a nuclear reactor to produce the 56Mn, the radioactive source used for resonance scattering. The shutdown of the BNL reactor terminated our employment of the only system able to measure iron in the heart. The purpose of the following, more detailed, description of the NRS method is to emphasize the general characteristics of nuclear devices, and their unique suitability for determining iron in vivo.
The NRS method is based on nuclear resonance scattering (NRS) of gamma radiation from the iron nucleus [S-1 11. Here, the nucleus of the iron isotope 56Fe (92% abundance) is resonantly raised to its first excited state by gamma radiation whereafter, within 7 psec, it decays back to the ground state by emitting an 847 keV gamma ray. Thus, the number of resonantly scattered and detected gamma rays is proportional to the number of 56Fe nuclei present in the 2 shows the linearity of the N R S signal versus iron concentration in the liver, assessed from liver biopsies. This linear calibration line is typical of all nuclear counting systems where the concentration of the element of interest is low. The results fiom NRS measurements of iron in the liver and heart in several patients suffering iron overload from different causes were published in [12-151. These volunteers also were followed sequentially to observe the changes following chelation therapy. The limited correlation between the heart index versus the liver index of iron depicted in Fig. 3 clearly demonstrates the need to independently measure their content; thus, separate measurements might reveal a build up of iron in the heart at the same time as relatively low levels exist in the liver.
NEW APPROACHES
Our implementation of the NRS method to measure directly iron in the liver and heart demonstrated the value of nuclear methods in attaining high specificity and accuracy. Although this particular method was abandoned due to the closure of BNL's High Flux Beam Reactor wherein the irradiation source was prepared, here I review the suitability of several alternative nuclear methods for determining iron in vivo.
Several nuclear reactions were used in the past for studying the structure of the iron nucleus. They included inelastic proton scattering (p,py,'y) reactions [16] [17] [18] [19] [20] [21] [22] proton-induced gamma rays (p,y) reactions on 55Mn [23-251, and exotic ones in which elements further away from iron may induce nuclear transmutations after irradiation with heavy nuclei. Fig.4 Figure 4 . Table of the isotopes surrounding 56Fe nucleus human body. Conceivably, with high-intensity proton accelerators a two-step process might be devised whereby a proton induces gamma emission that subsequently interacts resonantly with the iron in the human body, identical to the way it was implemented in the NRS method. Then, the product nucleus should be 56Fe (Fig. 4) . Two examples are described below; first, of protons on manganese (56Mn), and second of inelastic proton scattering from Fe.
55Mn@9Y)9 56Fe@,P'Y)
A manganese target irradiated with protons could well serve in such a two-step process for detecting iron in vivo. Protons at energies, E,,, between 1.3 MeV and 1.85 MeV can interact resonantly with 55Mn to excite high lying states in 56Fe. These promptly decay to the ground state through the 847 keV level, thus producing the desired 847 keV gamma beam identical to that used in N R S method [23-251. Alternatively, the 847 keV nuclear level in iron can be excited through a proton inelastic scattering, 56Fe(l),p7y), process. Several researchers successfully used protons with energies, E,,, between 3.5-and 11-MeV [16] [17] [18] [19] [20] [21] 261 . But, as I pointed out, high-intensity accelerators are required in this approach.
Instead of irradiating patients with protons or gamma rays, they can be exposed to fast or thermal (slow) neutrons. A recent review of analytical methods for in vivo compartmental analysis was based on extensive work on using neutrons to explore body composition (27) . Neutrons interact with iron in the body by three fundamental mechanisms: In the first, termed delayed activation, 58Fe captures a thermal neutron and becomes 59Fe from which delayed gamma rays at energies of 1.1 and 1.29 MeV are measured (Fig.4) . This process is rather ineffective due to the scarcity of 58Fe (0.31%), and the long half-life of 59Fe (44.5 days). The second is the (n,p) reaction in which a fast neutron is captured by 56Fe with the subsequent prompt emission of a proton to produce 56M11, and a delayed gamma-ray emission at 847 keV (Fig. 4) . Iron in the liver can be feasibly measured with a dose of about 1Orem [28] . The crosssection for this reaction is about 0.1 barns. The third mechanism for detecting iron is by inelastic neutron scattering (INS), denoted (n,n',y) with threshold energy of 850 keV [29] . Here, fast neutrons are inelastically scattered from the "Fe inducing gamma-ray emission from the 846 keV level. This reaction has a tenfold higher cross-section than the previous one, and was also demonstrated using fast neutrons from a nuclear reactor [30, 31] . Rather than obtaining neutrons from a nuclear reactor, they might be produced by neutron generators that work like an x-ray machine, generating fast 2.2 MeV neutrons by impinging deuterium on deuterium, a (d,d) reaction, or fast 14 MeV neutrons resulting from impinging deuterium on tritium (d,t) reaction. Iron measurements based on the latter were carried out using a Van de Graff Tandem accelerator. The measured cross-section for generating the 847 keV gamma rays for neutron energies, E,, above 3 MeV is about 1 barn [26, 321. Table 1 gives nuclear data for 14 MeV delayed reactions with neutrons and iron. Clearly, nuclear methods are amenable for in vivo quantitative elemental analysis of human body and afford at least two direct methods for iron analysis, both of which have high elemental specificity. The INS method, suggested for analyzing silicon in the lung, uses pulsed 4.7 MeV neutrons [33] , and, compared with the (n,p) reaction using a californium source [34] , is proposed as the method of choice to measure iron in the liver and heart. Its selection is Eurther corroborated by the success of the feasibility studies that measured iron in a synovial membrane (35).
EXPERIMENTAL SETUP Iron Facility.
The experimental setup for measuring iron in vivo was a modified counting facility that previously was used for determining total carbon in the human body based on fast 14 MeV neutrons inelastically scattering from carbon, Fig. 5 . The neutron generator (NG) is the rectangular box on the floor removed from using a neutron generator.
its shielding and collimator tower (painted white in the figure). It is a commercial unit of the deuterium on tritium (d,t) type producing 14 MeV neutrons. Ciskai [36] extensively discusses various types of NGs and their operational characteristics.
The patient was scanned on a moving bed and the radiation emitted fi-om the body was detected by two large NaI detectors placed in shielded containers on each side of the bed. This system was thoroughly modified by rebuilding the shielding tower to exclude any iron present in the previous structure that served as fast neutron shielding, and by replacing the large NaI detectors with a single high-energy resolution High Purity Germanium (HPGe) detector. These changes entailed our taking extensive spectroscopic measurements to ascertain that iron was removed, and optimizing the detector's positioning and shielding. The outside dimensions of the new shielding tower are 30.25" wide, 25" deep, and 30" high. The collimator opening on the top is 7" x 7" x 5". Figure 6 shows the new configuration of the tower with the pertinent material composition and dimensions. Cadmium sheets introduced between the borated polyethylene bricks reduced the neutron background. However, the cadmium sheets must not be placed too close to the detector since that may complicate the spectrum with many cadmium gamma lines. 
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i of counts from a phantom bottle containing iron, while simultaneously preventing (minimizing) fast neutrons from entering the detector where their interactions interfere with iron measurements.
Electronics
The electronics consisted of a 14 MeV NG that included a delay & gate unit to control the gate of a PCA-I11 multicliamiel analyzer (MCA) data acquisition system installed in a PC computer. In addition, it included a highresolution N-Type, 30% efficient, 2" diameter HPGe detector.
A preamplifier and spectroscdpy amplifier for signal processing from the detector was connected into the MCA. Figure 8 is the block diagram of the electronics with all the connections. The acquired spectra were processed off-line for the iron signals after the measurements. 
RESULTS
Calibration of the Detector's Energy
The detector's energy was calibrated using sources (3-137 and CO-60 emitting 662 keV and 1332 keV gamma rays, respectively. The amplifier's settings and the multichannel analyzer with 1024 channels was set for approximately 2.3 keV/ch to cover approximately the full range of the pulse height of 2400 keV. The fitted energy-calibration regression line is given as E (keV) = 14.95 f 2.295xch#. This calibration was maintained during the experiments.
Spectral Analyses
An extensive effort was devoted to considerably reducing both the direct background from neutrons interacting within the HPGe detector, and the contribution to the iron signal from the background; nevertheless, they could not be eliminated completely under the present setup. Fig.9a shows the background spectrum acquired from a bottle containing pure water, and Fig.9b is its expanded section with peaks of interest between 400 and 1000 keV. These spectra were acquired for 1 hour in coincidence with the neutron pulse that lasts for 10 microseconds and has a repetition rate of 10 kHz. I pointed out that this particular set-up constrains the observed gamma rays to those resulting from the inelastic events that occur only when fast neutrons are present. Hence, the multiplicity of gamma lines in the spectra in Fig. 9 represent neutron interactions with the structural materials and the HPGe detector. The unusual triangular-shaped peaks originate in the detector from the interactions of fast neutrons with germanium, resulting in the Doppler-broadening of the gamma rays due to recoil energy from the neutrons. These events are typical when fast neutrons interact inside the detector. Morgan [37] acquired identical spectra from a 238P~,Be and 252Cf neutron source [37] . Unfortunately, the iron peak at 847 keV is located exactly above the germanium peak as is clear in the expanded spectrum in Fig. 9b . This is better demonstrated in Fig. 10 where a 15-min spectrum from an iron plate reveals the position of the iron peak on top of the germanium peak. In addition to evaluating the prompt inelastic gamma ray spectra, I assessed delayed activation by counting and obtaining a spectrum, over one hour, from a 1 liter water bottle containing 12 g iron immediately after the end of'irradiation (Fig.11) . Thus, according to the reactions summarized in Table 1 this enables counting of the same iron gamma ray at 847 keV; the other lines indicated in the table are much weaker although they still were visible in the spectrum. . Notice the, entirely different shape of the spectrum froin that of the prompt spectrum, i.e., a different background and adjacent peaks. After establishing the best possible conditions for the system, the subsequent gamma ray spectra obtained, shown in Figs. 9, 10, and 11 , demonstrated all the physical qualitative features involved with inelastic and delayed gamma ray spectroscopy of iron.
Quantitative analysis was undertaken separately of the 847 keV peak &om the inelastic reactions, and fiom the delayed activation; the halflife, T1/2, of the delayed 847 keV line is 154.56 min. In addition, the line at 120 keV from 57Fe with T1/2 1.7 min was analyzed. germanium peak and was 15 channels wide), the net counts in the iron peak were evaluated by subtracting the net counts in the water spectrum fkom those with the water plus 12 g of iron.
These calculations were repeated using a narrow window encompassing the iron peak only, at 834.26 and 845.74 keV (6 c h a e l s wide); Table 2 summarizes the results. This same narrow window was used for the delayed gamma ray spectra, and an additional narrow window was established for the 120 keV line at 109.05 and 120.5 (5 channels). The settings of the counting windows are shown in Fig. 12 using a spectrum from an iron plate for demonstration. The delayed gamma peaks were determined using the trapezoidal method. These results are also summarized in Table 2 . Appendix A gives the raw data spectra
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Water" A few basic observations emerge from the results in Table 2 . 1) The significance of the high cross-section of lbam for the prompt inelastic reactions, about a factor ten higher than that of the delayed processes, in Tablel, is reduced considerably due to a correspondingly increased background of about 100 times in the former. 2) There is a residual iron signal present in the 3) The strongest iron 847 keV gamma line resides on top of the germanium peak, thus significantly raising the background and the error propagation. 4) Narrowing the window improves the signal and reduces the error. 5) For the present geometrical configuration and inadequate NG intensity, the net iron yields are too weak for using in any clinical system. The observed spectra were consistent with those reported in the literature and all reported peaks, used and unused in the analysis, in the prompt and delayed spectra were identified.
DOSIMETRY Surface Dose
Measurements of the total dose rates were made using a parallel-plate ionization chamber fabricated from A1 50 tissue-equivalent (TE) plastic. The chamber's collection volume was approximately 2.5 cm in diameter and 0.5 cm thick, -2.5 cm3, with a 2.4 mm thick wall. Methane-based tissue-equivalent gas at atmospheric pressure flowed through the chamber. The ionization current was measured using a custom-made electrometer system that produces an output of 1 V per pA of input current. The electrometer's output was connected to a custommade voltage-to-frequency converter producing 1 O3 HzN, and these pulses were simultaneously counted in a scaler with those from a plastic scintillator (PS) used as a monitor for normalizing the nurnber of neutrons produced. The ionization chamber and electrometer were previously calibrated with a 137Cs source.
The gamma-ray dose rate was measured using a compensated Geiger-Mueller (GM) detector (Wagner and Hurst, 1961). It consists of miniature GM tube in a shield made of tin and *lead mesh. The shield is. configured to create an approximate uniform response to a gamma-ray dose over the energy range of 50 keV to 1.25 MeV. An advantage of this type of dosimeter in mixed field dosimetry is that it has very low response to neutrons, particularly to those at 14 MeV (3% dose wise). Pulses from the GM counter were also normalized with those from the PS monitor.
The response of the TE ion chamber was corrected for temperature and pressure, attenuation of the neutron dose, response relative to muscle tissue, the W value for neutrons relative to the gamma rays used for calibration, and the relative mass-stopping power of the wall to the gas. The GM was corrected for neutron response; the dead time correction was negligible because of the low count rate. The conversion factors used were 1.37E-06 rad/count for ion chamber and 1.98E-07 radcount for the GM tube.
Dosimetry was carried out with the iron phantom placed about 32 cm above the NG. The NG was operated at 80 kV, 10.0 kHz, 25% duty cycle, and at three current intensities of 50, 60, and 70 PA. Four repetitive counts of the background were measured for 10 sec each, while the repetitive dose measurements with TE and GM were carried out for 100 sec each. Table 3 summarizes the results. 
Dosimetry in vivo
The reported dosimetry measured with tissue equivalent dosimeters represents the different components of the patient's entrance dose. This dose is important for designing a facility and for preliminary measurements. However, internal dosimetry requires using proper phantoms in which electronic equilibrium can be established. About 90% of fast neutrons incident on biological tissue interact with light elements by elastic collisions, causing ionizations due to recoils. When they slow down to thermal energies, their energy is deposited via secondary electrons due to induced gamma radiation from the nuclear reaction 'H(n,y)'H, which emits 2.2 MeV gamma rays, and fiom protons from the reaction 14N(n,p)'4C. The overall dose calculations for thermal neutrons include the contribution from both these processes. More detailed calculations can be found in reference [38].
DISCUSSION
Iron exists in nature in the four isotopic forms of mass 54, 56, 57, and 58. It is perhaps the most widely studied element fiom an analytical standpoint, and there exist many excellent methods of its analysis that compete very favorably with the neutron-activation method. Exceptions are when other elements in a given matrix must be analyzed, or when preparing a sample is unusually difficult and can be avoided by using a nondestructive method. This is the case with humans where samples simply cannot be taken or prepared, thus necessitating in vivo measurements. However, these impose the following very stringent constraints. 1) Geometricalthe human body represents a volumetrically large sample that precludes using a compact irradiation-detection system. 2) Dose -the intensity or time of the measurement is limited due to the radiation dose that a patient receives. Acceptable radiation doses to humans should not exceed lorem, and should be lower when repetitive measurements are planned. 3) Time -for practical reasons, the counting times should not be more than 1 hr because it is troublesome for patients to remain still for so long. There are limited numbers of methods that facilitate direct quantitative elemental analysis in human body in vivo with high degree of specificity, penetration power, and adequate sensitivity. Those that do typically would include gamma radiation, highenergy protons, and neutrons, generally referred to as ionizing radiation.
'
The present results using 14 MeV neutrons demonstrated the ability to measure iron by prompt inelastic scattering and by delayed activation. However, the main drawback identified was the extremely low dose at the patient's position. Similar studies have utilized radiation doses, or calculated ones, of 10 rem [28] and 1 rem [39]. However, ours are a few orders-of-magnitude lower than what would be practical for this type of procedure. Furthermore a highenergy resolution HPGe detector was chosen to separate from the background and to identify the proper gamma lines in the system' for potential use. In addition these detectors also have a superior signal to noise ratio in comparison to NaI detectors. Once a useful line is identified it might be possible to use a NaI detector with a better detection efficiency. At this stage, it is difficult to assess which method is preferable, either prompt inelastic or delayed activation. Although the cross-section favors the former, background considerations definitely suggest delayed activation. In particular, when using germanium detectors the iron peak resides on top of a germanium peak; however, this problem might be overcome using NaI detectors that also offer higher detection efficiency. It is very important to emphasize that the need to increase the source intensity or design a more compact geometry will impose more stringent requirements on shielding the detector, and preventing neutrons intercepting in it, while, at the same time, increasing yield from the target.
In conclusion, the present results support the possibility of measuring iron quantitatively in vivo by either prompt or delayed activation. Unfortunately, the low source intensity in that geometry resulted in doses that insufficient to yield quantitative conclusions. Nevertheless, the results corroborate general observations reported in the literature. Future work should explore a stronger source, a better optimized and more compact geometry, and increase in the number of detectors, or, alternatively, the use of detectors with larger efficiency, such as the NaI scintillation detector. Modulating the fast neutron pulse to reduce the dose might firther optimize the system [40] . This report could serve as a short review of the nuclear technologies for measuring iron in vivo. 
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